We investigated the mechanical properties of B2-type FeCo based alloys containing minor amounts of Ni or Pd to improve their tensile ductility at room temperature. The yield and tensile stresses of the new alloys showed remarkable increases. FeCoNi alloys showed high total elongation of over 10% at room temperature. Co 50 Fe 40 Pd 10 alloy displayed a tensile strength of 1250 MPa and a high total elongation of 16%. The substitution of Ni or Pd into FeCo based alloys is therefore an extremely effective means of improving their room-temperature ductility.
Introduction
Intermetallic compounds with high-temperature strength tend to exhibit very low levels of ductility at room temperature. Despite their relatively simple crystal structures, even B2-type intermetallic compounds generally show low levels of ductility at room temperature because the numbers of slip systems that they contain are limited as a result of ordering in the alloys. Various methods have been explored for improving the ductility of such materials. For example, the hot-workability and room-temperature ductility of B2-type NiAl and CoAl based alloys are significantly improved by the introduction of a £-phase with a facecentered cubic (fcc) structure. 14) Moreover, the high ductility over a wide temperature range of B2-type TiNi alloy is attributable to an increase in the effective number of slip systems induced by stress-and/or strain-induced martensitic transformations and twinning deformations. 5, 6) We previously developed B2-type ZrCo based alloys 7, 8) with enhanced ductilities by partial replacement of Co with Ni or Pd, 9) because equiatomic ZrNi and ZrPd compounds undergo a martensitic transformation from a B2 structure to a B33 structure. 10, 11) Zr 50 Co 39 Ni 11 and Zr 50 Co 40 Pd 10 alloys exhibit an exceptionally high total elongation of over 20%. We concluded that this marked enhancement in ductility is the result of transformation-induced plasticity associated with the presence of deformation-induced martensite. We therefore hypothesized that the tensile ductility of other B2-type intermetallic compounds at room temperature might also be enhanced by the presence of deformation-induced martensites. Furthermore, it has been noted that some B2-type Zr CoNi and ZrCoPd alloys containing less than 10 at% of Ni or Pd, respectively, have high total elongation of about 10%, with transgranular fracture, although those alloys contain neither deformation-twin nor deformation-induced martensite. 7, 8) It has been reported that the high ductility of TiNi alloy is the result of its small elastic anisotropy and its small grain size, 12) in addition to the increase in the effective number of slip systems, as discussed above. These facts therefore suggested that the substitution of appropriate elements, such as Ni or Pd, in the CoZr system might reduce its elastic anisotropy and prevent intergranular fracture of the B2-type intermetallic compound, thereby resulting in increased ductility.
We studied a FeCo alloy with an ¡A-phase having a B2 structure at room temperature. Near-equiatomic FeCo alloys have an fcc structure at temperatures above 1258 K and a body-centered cubic (bcc) structure at lower temperatures. The bcc structure transforms into a B2 structure at temperatures below 1003 K. This alloy is extremely brittle at room temperature, but it has been reported that its ductility and workability can be improved by the addition of vanadium 13, 14) or by the control of microstructures, for example, by reducing the degree of order in the B2 matrix or by grain refinement.
1517) The addition of various elements to equiatomic FeCo alloy has been examined as a means of improving its ductility. Kawahara 18) found that addition of C, V, Cr, Ni, Nb, Mo, Ta or W in amounts ranging from 0.5 to 2 at% is effective in improving the ductility of the alloy, whereas addition of Al, Be, B, Cu, Au, Mn, Ag, Si, Ti or Zr is ineffective. He suggested that the high ductility results from the formation of Co 3 X compounds. However, no studies have been reported of the effects on the tensile ductility of Fe 50 Co 50 alloy of the substitution of Ni or Pd in amounts of up to 10 at%.
In the present study, we investigated the mechanical properties of B2-type FeCo based alloys containing Ni or Pd, with the aim of achieving improvements in the roomtemperature tensile ductility of these alloys. , were spark-cut from the strip. The +1 specimens were solution-treated in an argon atmosphere at 1373 K for 3.6 ks then quenched in iced water. The solutiontreated specimens were subsequently annealed at 873 K for 86.4 ks to generate the B2 structure. The constituent phases were examined by X-ray diffractometery (XRD). Tensile tests at an initial strain rate of 4.2 © 10 ¹4 s ¹1 were conducted at room temperature by using an Instron-type machine. The fracture surfaces after the tensile tests were examined by scanning electron microscopy (SEM). The average grain size in each specimen was measured from the SEM micrograph using the lineal intercept method.
Experimental Procedure

Results and Discussion
The phase changes resulting from partial replacement of Fe or Co by Ni or Pd in the FeCo alloy were investigated by XRD. Figure 1 10 alloys at room temperature. XRD peaks corresponding to bcc or B2 structures were present in all the alloys. The intensities of the ordered-lattice reflections for the B2 structure are proportional to ( f Fe ¹ f Co ) 2 , whereas those of fundamental reflections are proportional to ( f Fe + f Co ) 2 , where f Fe and f Co are the atomic-scattering factors for X-ray diffraction of Fe and Co, respectively. We expected that the ordered-lattice reflections would be very weak, because the values of f Fe and f Co are similar to one another. 16, 19) Electron diffraction experiments by means of transmission electron microscopy (TEM) showed that h00* B2 -ordered lattice reflections (where h is an odd number) occurred in the Fe 50 Co 50 alloy, 20) although the TEM images of the annealed Fe 50 Co 50 alloy are not reproduced here. Therefore, all the alloys consisted mainly of an ¡A-phase with a B2 structure. In the XRD patterns for the Fe 50 Co 40 Ni 10 and Co 50 Fe 40 Ni 10 alloys, peaks were observed for a £-phase with an fcc structure, in addition to those for the ¡A-phase. These additional peaks originated from presence at room temperature of a £-region produced by substitution of Ni for Fe or Co in the FeCoNi alloys. XRD patterns of Fig. 1 10 alloys consist of an ¡A-phase and a Fe(Co,Pd) phase with an L1 0 structure. The presence of the latter phase was confirmed by electron-diffraction experiments. 20) To evaluate the tensile ductility at room temperature, we performed tensile tests, as shown in Fig. 2 . The Fe 50 Co 50 alloy had a tensile strength of 214 MPa and a total elongation of 1.4%. These values are almost the same as those reported by Zhao et al. 15) The yield strength, tensile strength, and total elongation increased by the substitution of 10 at% of Ni or Pd. It is noteworthy that the FeCoNi alloys had an exceptionally high total elongation of over 10%. Furthermore, the Co 50 Fe 40 Pd 10 alloy had a tensile strength of 1250 MPa and high total elongation of 16%. The tensile behavior of FeCoPd alloys is different from that of FeCo alloy in that the stressstrain curves for the FeCoPd alloys show several steps. The rate of work hardening of the Co 50 Fe 40 Ni 10 alloy also varies slightly at strains in excess of 2%. These behaviors may be the result of stress-and straininduced transformations, as discussed below.
SEM images of the fractured surfaces after tensile testing are shown in Fig. 3 . Flat facets dominated the fracture surface in the Fe 50 Co 50 alloy as shown in Fig. 3(a) , showing that intergranular fracture occurred in most grains; river patterns, corresponding to cleavage fracture, were observed in a few grains. This fractured surface is typical of brittle fracture in an intermetallic compound with poor ductility at room temperature. In Fe 50 Co 40 Ni 10 alloy, on the other hand, quasi-cleavage-like facets and dimples were also observed in part of the fractured surface, as shown in Fig. 3(b) . The Co 50 Fe 40 Ni 10 alloy showed many such dimples, as shown in Fig. 3(c) . Moreover, Fe 50 Co 40 Pd 10 and Co 50 Fe 40 Pd 10 also showed ductile-fracture surfaces like those of the FeCoNi alloys, as shown in Figs. 3(d) and 3(e) , respectively. These fracture surfaces are consistent with the tensile ductility shown in Fig. 2 . It is therefore apparent that the fracture mode changes from brittle fracture to ductile fracture by substituting Ni or Pd in the FeCo based alloy. Facets on the We found that both the strength and the ductility at room temperature of FeCo based alloy are greatly improved by substituting Ni or Pd. We will now focus on the improvement in ductility, which is important for intermetallic compounds. Fe 50 Co 40 Ni 10 and Co 50 Fe 40 Ni 10 alloys consist of two phases: an ¡A matrix phase and a minor £-phase with an fcc structure. It has been reported that the ductility of NiAl and CoAl based alloys can be markedly improved by the presence of a £-phase and that the cold workability improves proportionately with increasing volume fraction of the £-phase.
14)
Therefore, the formation of a £-phase in our FeCoNi alloys appears to cause suppression of grain-boundary embrittlement, leading to a high ductility at room temperature. In the case of the FeCoPd alloy, there is no £-phase, but a Fe(Co,Pd) phase is present in addition to the ¡A-phase. We believe that the high ductility of FeCoPd alloys has another origin besides the presence of a Fe(Co,Pd) phase, because the Fe(Co,Pd) phase is an L1 0 -ordered structure with a limited slip system. We therefore performed TEM observations of the region near the fractured area in ductile FeCoPd alloys. The microstructures of tensile-fractured FeCoPd alloys differed from those before tensile deformation. 20) The new microstructures appeared to be result from stress-and straininduced transformations, as manifested in the tensile behavior of the alloy of Fig. 2 . Such microstructures are frequently observed near the fractured areas in ductile FeCoNi alloys. Detailed microstructural characterizations are now in progress and will be reported in due course.
The high ductility of the present alloys is therefore considered to be due to stress-and strain-induced transformations and to grain refinement. In addition, a reduction in the elastic anisotropy may be responsible for the ductility as well as TiNi alloy, since the intergranular fracture is suppressed in the present ternary alloys. However, there are no reliable data of elastic constant in B2-type FeCo alloy so far as we know. Therefore, it should be investigated the relation between elastic anisotropy and ductility in various B2-type intermetallic compounds such as CoZr and FeCo systems in the future. Through the present investigations, we conclude that the substitution of Ni or Pd in FeCo based alloys is an extremely effective means of improving the ductility of these alloys at room temperature. 
